Highly crystalline CIS nanoink was synthesized using highly efficient microwave route. Thin films of CIS were fabricated using the developed ink by drop casting method. XRD pattern of CIS thin films indicates that a chalcopyrite phase with good crystallinity can be obtained using developed ink and that the composition of precursor ink can be transferred directly to the thin film without change in the stoichiometry. The developed ink alleviates the need of organic binders/dispersant and high temperature selenization using highly toxic H 2 Se gas (or Na 2 Se as a Se source) after deposition of thin film absorber layer. UV-VIS-NIR absorption analysis indicates that CIS thin film has a band gap of around 1.18 eV.
Introduction
Recently, commercial interest is shifted towards thin film solar cells and chalcopyrite semiconductors are expected as one of the alternative materials to Si solar cells. Copper indium diselenide, CuInSe 2 (CIS), is a well-known ptype chalcopyrite semiconductor. CIS has direct band gap (∼1.06 eV) and photon absorption coefficient of more than 10 5 cm −1 in visible range. CIS-based solar cells have been demonstrated to have power-conversion efficiencies of more than 12% [1] . The power-conversion efficiency of the CIS absorber layer is highly dependent on the stoichiometric ratio (atomic ratios) of the elements in the layer. In recent years, nonvacuum deposition techniques with a capability to prepare large area uniform thin films with control stoichiometric composition have gained more attention [2] . Among the nonvacuum processing techniques, nanoparticle-based "inks" are considered to be simple and a cost-effective method for preparing CIS thin films. Recently, Panthani et al. [3] prepared the CIS absorber layer by using "nanocrystal ink method" in which a colloidal nanocrystal ink was obtained by reaction of CuCl, InCl 3 , and Se in oleylamine. This approach alleviates the need for a high-temperature annealing under Se atmosphere using highly toxic H 2 Se gas. In addition to this, the composition of precursor nanocrystal ink can be transferred directly to the substrates without change in the atomic ratio of elements. Films of CIS nanocrystal ink used as absorber layer in conventional-layered Mo/CIS/CdS/ZnO/ITO PV devices exhibits reproducible photovoltaic responses with power conversion efficiencies up to ∼0.2%. Very recently, Liu et al. [1] used a hydrazinesolution-based approach to prepare CIS absorbing layer and corresponding solar cell devices. CIS layer was prepared by dissolution of Cu 2 Se, In 2 Se 3 , and Se in hydrazine solution. Complete CIS devices with glass/Mo/CIS/CdS/i-ZnO/ITO structure were fabricated by spin coating of hydrazine-based solution, which exhibit power conversion efficiencies as high as 12.2%. However, in the hydrazine solution method, the toxicity of the hydrazine may cause environmental problems. In the last few decades, the solvothermal method also emerged as a powerful tool for the synthesis of nanostructures/microstructures, using organic amine as a solvent. Luo et al. [4] , Jiang et al. [5] , Li et al. [6] , and Chun et al. [7] have reported that the CIS can be synthesized by solvothermal route, although its longer reaction time (15-36 h) and difficulty in controlling the morphology of the particles limit the synthesis of high-quality CIS nanoparticles. Recently, synthesis of nanoparticles based on microwave heating is found to be a good technique because of its various advantages, such as shorter reaction time, low level of impurities, high crystallinity, excellent reproducibility, and high yield of product. Bensebaa et al. [8] used a microwave synthesis approach to prepare CIS nanoparticles. However, the use of highly toxic Na 2 Se (selenium source) chemicals makes this process incompatible to fabricate CIS absorber layer. The present paper describes the synthesis of highly crystalline CIS precursor ink using highly efficient microwave route. The developed ink also alleviates the need of organic binders/dispersant and high-temperature selenization using highly toxic H 2 Se gas or Na 2 Se as a Se source for deposition of thin film absorber layer.
Experimental Details
For CIS ink synthesis, the required amounts of CuCl 2 (0.205 g), InCl 3 (0.346 g), and Se (0.248 g) were added to 40 mL of ethylenediamine (ED) and mixed together. The mixture was stirred and sonicated for 30 min, respectively, to form a homogeneous solution. Microwave synthesis was performed in a Microsynth System operating at microwave power of 600 W and a frequency of 2.45 GHz. The solution containing CIS precursors was sealed and heated at 180 ∘ C for 30 and 40 min, respectively, for "nanoink" synthesis. The precipitate was centrifuged and washed with distilled water and absolute ethanol several times to remove byproducts. The product was filtered off and then vacuum-dried at 80 ∘ C for 6 h. Phase composition and crystal structure of films are characterized by the X-ray diffraction (XRD) method. The morphology of films is observed by a field emission scanning electron microscope (FESEM). The optical absorption spectrum is recorded using UV-VIS-NIR spectrophotometer in a range of 800-1500 nm.
Results and Discussions
The CIS thin film was fabricated using as synthesized nanoink. CIS film of thickness ∼1.5 m was deposited onto 25 × 25 mm glass substrates by drop casting of CIS precursor ink. The procedure was repeated drop-by-drop until the sufficient thickness of CIS film is deposited. After each deposition substrate was heated to a temperature around 100 ∘ C to remove the solvent and form dry and smooth film with well-controlled stoichiometry among the metal compounds. This heat treatment also prevents the film from being redissolved during the next coating step. Figure 1 shows the FESEM image of the drop casting CIS thin film. The morphological investigation of CIS thin film indicates that dense and compact film having micron consists of the circular grains of size around 1-3 m, which may lead to good electrical and optical properties of the absorber layer. The formation of the bigger size grains in the absorber layers is due to narrow size distribution of particles inside the ink. Smaller size particles will melt at about the same and lower sintering temperature. Due to higher surface area, nanoparticles will fuse together without any binder to form the uniform layer. In addition to this, smaller size nanoparticles will fill the voids among the bigger size particles, which results in formation of dense film having micron size grains even at temperature of around 100 ∘ C. However, as observed from FESEM image, the drop casting method results in CIS films having cracks. These cracks could lead to undesirable shunt paths during the device fabrication. The formation of cracks can be avoided by annealing of CIS films at higher temperature under inert atmosphere. In addition to this, other suitable printing methods, like inkjet printing, could be used to make the dense and crack-free films. Figure 2 shows the XRD pattern of CIS thin film, fabricated by drop casting of CIS nanoink synthesized for 40 min microwave irradiation time. For the irradiation time of 30 min, many diffraction peaks appeared in the XRD pattern (not shown here), attributed to CuSe phases along with the characteristic peaks of CIS phases. As irradiation time increases from 30 to 40 min, the secondary CuSe phase disappears and only characteristic peaks of CuInSe 2 are observed, indicating the formation of pure chalcopyrite phase. XRD peaks around 2 = 26.6 ∘ , 44.6 ∘ , and 52.8 ∘ , corresponding to (112), (220/204), and (116/312) planes of chalcopyrite structure. In addition to these commonly observed 800 900 1000 1100 1200 1300 1400 1500
Wavelength (nm) Absorption (a.u.) Figure 3 : UV-VIS-NIR absorbance spectra of CIS thin film.
orientations, the weak orientations such as (008/004) and (316/332) are also observed in XRD pattern. XRD pattern of the deposited films indicates that pure chalcopyrite phase with good crystallinity was obtained using developed ink and the composition of precursor ink was transferred directly to the thin film without change in the stoichiometry of elements. Incorporation of Se in absorber layer indicates that the developed ink alleviates the need of organic binders/dispersant and high-temperature selenization using highly toxic H 2 Se gas (or Na 2 Se as a Se source) after deposition of thin film absorber layer. The observed results indicate that the Se may be incorporated into the absorber layer before the annealing stage, using ED, because it served as both the reducing agent as well as complexing agent. A nucleophilic attack by the amines of ED activates elemental Se to form reactive Se 2− ions. The reactive Se 2− ions species react with both InCl 3 and Cu 2+ simultaneously in ED to form In 2 Se 3 and CuSe, respectively. Finally Cu 2 Se and In 2 Se 3 could react, and CuInSe 2 nanocrystal ink was produced. The ED avoids the need of toxic Na 2 Se and H 2 Se as a Se source, since the formation of reactive Se 2− ions species initiates the reaction (for CIS synthesis) and is easily incorporated into the absorber layer without any additional step. In order to obtain the optical property, the optical absorption spectra of fabricated film are recorded in the range of 800-1500 nm. Figure 3 shows the UV-VIS-NIR absorbance spectra of CIS thin film fabricated by drop casting of CIS nanoink synthesized for 40 min microwave irradiation time. As seen in Figure 3 , absorption begins at around 1050 nm wavelength. Based on this absorption behavior, the band gap of the CIS thin films can be estimated to be 1.18 eV (obtained by extrapolating the tangent), which is in good agreement with the reported values.
Conclusions
The present paper describes the synthesis of highly crystalline CIS precursor ink using highly efficient nonvacuum microwave route. The morphological investigation of CIS thin film indicates that dense and compact film having micron size grains can be achieved using the developed ink without any selenization at higher temperature under H 2 Se or highly toxic Na 2 Se as a Se source. The developed ink also alleviates the need of organic binders/dispersant for fabrication of CIS absorber layer. X-ray diffraction pattern of the deposited films indicates that pure chalcopyrite phase with good crystallinity was obtained using developed ink and the composition of precursor ink was transferred directly to the thin film without change in the stoichiometry of elements. UV-VIS-NIR absorption analysis indicates that CIS thin film has a band gap of around 1.18 eV.
